A number of data-based approaches to intonation modeling represent F 0 movements using continuous parameters. This is contradictory to most intonation theories, which suggest that intonation can be modeled with a set of distinct phonological entities that are phonetically realized as F 0 movements. This principle has rarely been incorporated into data-based intonation modeling. In this study we compare two data-based intonation models following the two different principles described above. The first approach uses an F 0 parametrization with 6 continuous parametric intonation event (PaIntE) parameters. These parameters are derived by approximating the F 0 curve with an appropriate model function. In the second model we apply vector quantization (VQ) to the PaIntE parametrization, resulting in a number of distinct F 0 shapes. We found that the VQ model has advantages over the PaIntE model, because the intonation events as a whole can be predicted, rather than individual parameters. Furthermore, phonetic analysis can be performed on the basic shapes represented in the codebook.
INTRODUCTION
Most intonation theories suggest that intonation can be modeled with a set of distinct phonological entities that are phonetically realized as F 0 movements. One prominent example of a phonological description of intonation is the tone sequence model (TSM) introduced by Pierrehumbert [1] . The TSM and its labeling convention ToBI characterize the intonation contour as a sequence of high (H) and low (L) tones. Pitch accents and boundaries are made up of one or more H and L targets. In the German variant of ToBI [2] two main pitch accent types are defined, a rise (L*H) and a fall (H*L). Intonation phrases end with default boundaries (%), low boundaries (L%) or high boundaries (H%). Data-based approaches, however, often use continuous parameters for the description of F 0 due to practical reasons: F 0 contours are approximated by appropriate model functions varying a set of n continuous parameters. The result, represented by an n-dimensional vector, is a characterization of the underlying pitch movement.
SPEECH DATABASE DESCRIPTION
The speech corpus used for this study consists of 48 minutes of German news stories read by a male news speaker. Word, syllable and phoneme transcriptions of the corpus were added using forced alignment. The stories were manually labeled with German ToBI annotations.
PARAMETRIC REPRESENTATION OF INTONATION EVENTS (PaIntE)
The first approach described here follows the usual steps and approximates stretches of F 0 by a phonetically motivated model function. We use a function consisting of a sum of two sigmoids ( Figure 1 ). The two sigmoids are tied with a fixed time delay. Additionally, both sigmoids share the same upper limit. Given these constraints, we obtain a model function that is characterized by the following six parameters:
• a1 and a2 signify the steepness of the rising and falling sigmoids respectively.
• b stands for the alignment of the function. The syllable length is defined as unity.
• c1 and c2 model the amplitudes of the rising and falling sigmoids respectively.
• d corresponds to the frequency of the peak of the function Using this method the F 0 movements of each syllable with an accent or boundary can be represented by a parametric intonation event (PaIntE). The approximation takes place in a 3 syllables window centered around the accented or phrase-final syllable. The F 0 contour is normalized in time with respect to the syllable length. We use a conjugate gradient method for the approximation.
PITCH RANGE NORMALIZATION
Discourse structure has a strong influence on the pitch range of an intonation phrase (for details see [2] ). Since we want to compare F 0 contours across discourses, we apply a pitch range normalization to each individual intonation phrase. We define the pitch range of each intonation phrase with the help of the PaIntE parameters that were derived from it. The upper level of the pitch range is defined by the largest d-parameter of the phrase, its lower limit by the minimal PaIntE base (defined as d-max(c1,c2)). Subsequently every PaIntE vector was normalized to the pitch range of its intonation phrase. For instance, a d-parameter of 0.5 means that the top of an F 0 peak lies in the middle of the pitch range.
VECTOR-QUANTIZED PaIntE EVENTS
In the second model we applied vector quantization (VQ) to the six PaIntE parameters derived for the first model. The continuous six-dimensional parameter space is divided into a number of sub-spaces, each represented by its centroid. Therefore, every codebook entry reflects a specific F 0 movement. Codebooks of the size 4, 6, 8, 16, 32 and 64 were designed this way. Figure  2 shows the F 0 shapes of a codebook of size 8. Phonological intonation theories suggest a small number of pitch accents and boundary types. Using vector quantization we have obtained a discrete number of F 0 movements that are phonetically distinct. We would, hence, expect that a small codebook with a size of 8-16 is enough to represent the relevant variations of F 0 in speech. Our ultimate goal is to obtain a set of pitch movements that are adequate to describe all intonational variations in a specific database with a phonetic granularity that increases with an increasing codebook size.
APPLICATION TO F 0 -GENERATION
In a speech synthesis context it is required that F 0 contours can be predicted from a set of linguistic features. We derived 43 features from the utterances of the database. These features include prosodic information (ToBI labels of a syllable and its 2 neighboring syllables) as well as contextual information, such as the number of syllables to the next and previous accented syllable and the position within the intonation phrase. For the first model 6 regression trees predict each continuous PaIntE parameter individually, in the second case one single classification tree predicts the number of the chosen codebook entry. The F 0 movements of the intonation events are reconstructed and interpolated. Finally a specific pitch range is added to the contour. For testing purposes we used the original pitch range of the utterance in the database. We have not carried out any formal perception tests yet. However informal listening has shown that intonation contours with a codebook length around 8 sound most natural. Smaller codebooks tend to produce contours with too few variations (due to the restricted number of shapes). If the codebook is too large the input information is not enough to predict these shapes and the resulting intonation sounds unnatural. Contours predicted from continuous parameters tend to sound slightly less natural than intonation contours with codebook length of 8.
APPLICATION TO PHONETIC ANALYSIS
Since we derived the PaIntE parameters using phonetic knowledge about pitch contours we can expect to use them for a phonetic analysis of the database. In the case of the continuous parameters, an analysis is based on the statistical investigation of each individual parameter. We have carried out such an analysis in an earlier work using the same database and a related set of continuous parameters [3] . The investigation of the time alignment parameters shows that the fall of an H*L accent is generally shorter than the rise of an L*H accent. Additionally, the H-target of an H*L accent is realized later than the L of L*H accents. Furthermore, this study designs a linear model of the pitch range based on the amplitude parameters. Another work uses PaIntE parameters to study the phonetic characteristics of the intonational foreign accent [4] . In this paper we will focus on the analysis of the VQ-PaIntE method. It is based on the codewords (out of a codebook with size 8) that were chosen for syllables with various pitch accent types. The codeword that is used most (in 35% of the cases) for rising L*H accents is the rising shape of codeword 1 (Figure 2 ). This shape is very close to a prototypical rising accent in German, starting approximately in the middle of the accented syllable and ending in the middle of the post-accented syllable. When a boundary occurs directly after the syllable with L*H, codeword 1 is rarely chosen (4%), but codeword 3 (47%) and codeword 0 (25%) are. Both movements rise earlier to reach high F 0 values within the accented syllable. The fall of the shape of codeword 3 is atypical for high boundaries. Codeword 3 is most likely a compromise shape between rising movements with a high boundary and other shapes. The investigation of a larger codebook (size 32) shows that a pure rise is preferred as soon as it is represented in the codebook. Codeword 3 is probably preferred over codeword 0 because of its high amplitude, which almost reaches the upper limit of the pitch range. This result corresponds with the findings of [3] in that phrase-final rising accents are realized higher than other rising accents.
Falling (H*L) accents use codeword 2 (30%) or 5 (25%). Further analysis of this phenomenon reveals that the syllables in which codeword 5 is chosen occur significantly later in a phrase than those of codeword 2 (ANOVA, p=0.026). Hence, we can explain this fact by the downtrend of peaks along the intonation phrase. The length of the fall for both shapes (used for H*L accents) is only half of the rise of codeword 1 (used for L*H accents). This confirms the findings mentioned above. A smaller number of H*L accents (16%) choose codeword 7 as their realization. The usage of this codeword increases (up to 24%) when a low boundary follows immediately after the falling accent. This explains the realization within one syllable and the very low fall. 49% of all low boundaries (L%) use codeword 4 because of its low and flat realization. High boundaries (H%) tend to choose codeword 3 because of its high rise (in 48% of the cases).
CONCLUSIONS
We have presented two different methods of intonation modeling. Both of them use assumptions based on phonetic knowledge. The first model works with a set of 6 continuous parameters. F 0 prediction based on this model uses each parameter individually and can therefore not account for the inter dependencies between parameters. The more elaborate model uses a number of phonetically distinct shapes. It allows to relate specific F 0 movements to phonological features and to study the phonetic properties of intonation this way. The analysis presented in this paper focuses on a relationship between F 0 shapes and a phonological intonation description. However, a more elaborate investigation with an increased set of features could be carried out with different granularity as defined by the size of the codebook. We applied a pitch range model with a constant upper and lower limit that does not take into account downtrend phenomena. A more elaborate model may reduce the number of necessary shapes and may, therefore, facilitate the prediction of intonation contours. Further studies should also focus on the process of vector quantization itself. In this study we use the squared discrepancy measure. However, we know that the perception of intonational phenomena are far more complex and studies have shown that, e.g., the perception of alignment seems to be of a more categorical nature [5] . We should, therefore, be able to find a perceptually more adequate measure.
